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Abstract

A flywheel energy storage device stores energy in a
rotating mass. These devices can be used to perform the same
function as traditional chemical batteries. In terms of the
energy storage function, a flywheel system has significant
advantages over chemical batteries: length of life, energy
density, power density, and the capability of deep depth of
discharge. Also, flywheels can be used to control the attitude
of the spacecraft. This paper describes an experiment using
two flywheels to simultaneously regulate a DC bus and
provide single axis angle regulation on an air table. Models
of the mechanical and electrical systems are developed, and
simulations are run, then compared to experimental results.
The correspondence of the simulations and experiments
shows the sufficiency of the modeling of subsystems.

1. Introduction

Flywheel energy storage is an ongoing research activity at
NASA Glenn Research Center. The concept is to replace
chemical batteries on spacecraft with devices that store their
energy mechanically, in a spinning disk. Power is delivered
and taken from the flywheel with a motor/generator. The
flywheel is magnetically levitated to reduce drag and increase
life. The advantages of flywheel energy storage over
chemical batteries are energy density, lifetime, and the ability
to provide spacecraft attitude control. Full three axis
spacecraft attitude control and energy storage can be obtained
with 4 flywheels, with the flywheels arranged in tetrahedral
shape.

This paper describes a single axis attitude control and bus
regulation experiment, using two flywheels on a low friction
air table. Although the concept of using flywheel energy
storage units for attitude control is well documented in the
literature (refs. 1 to 4), the literature does not describe motor
control or bus regulation. This experiment is the first working
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prototype bus and angle regulation test. A motor control
algorithm to regulate the bus and attitude was developed by
NASA Glenn Research Center (GRC) (ref. 5), and testing of
torque developed in a two flywheel system with a stationary
air table restrained by load cells was conducted at GRC
(ref. 6). This paper describes an experiment which uses the
control algorithm in (ref. 5) to demonstrate bus voltage
regulation and single axis attitude (angle) control on an
unrestrained air table. Models of the electrical and
mechanical systems are developed, and simulations are run,
then compared to experimental results.

I1. Test Setup

In this experiment, two technology demonstrator flywheel
modules developed under two different flight programs were
integrated at NASA GRC’s High Energy Flywheel Facility
(HEFF). Figure 1 shows this facility, which includes an air
table where the flywheel modules are mounted. The
cardboard boxes surrounding the flywheels are filled with
water bottles and provide a safety containment system
(ref. 7). Surrounding the water filled boxes is a Kevlar
shroud. Thermal, vacuum, and instrumentation support
hardware can be seen on the upper platform. A simple
schematic of the setup is shown in figure 2. This hardware
setup is used for the demonstration of a flywheel system
which provides simultaneous power bus regulation and single
axis torque and attitude (table angle) control.

IT1. Mechanical System

The flywheel modules which are incorporated into HEFF
are called D1 and HSS. The mechanical plant models
included in the system are the D1 flywheel module, the HSS
flywheel module, and the single degree of freedom plant
model.



The D1 Flywheel Module (D1) and the High Speed Shaft
(HSS) flywheel module used in this test are not identical,
however they both have generally the same topology. They
each have magnetically suspended rotors with permanent
magnet motor/generators, mechanical touchdown bearings,
and an integral housing/vacuum enclosure. Table 1 contains
the flywheel module properties.

TABLE 1.—SYSTEM PROPERTIES

| Value | Property
System
Jo 15 kg:m? platform inertia about axis 0
c .5 kg'm?s”! platform damping
k 1 kg-m?s~ platform stiffness
D1 Flywheel Module
my 17.2 kg rotor mass
Jn 0.0664 kg-m” rotor polar moment of inertia
myg; 61.2 kg stator mass
Ja 560 kg-m” stator polar moment of inertia
X 0.254 m distance from axis 0 to 1
Ly 0.000025 H q axis inductance of motor
La 0.000019 H d axis inductance of motor
Rq 0.0145Q I-n stator resistance of motor
Aatt 0.00733 V-s rotor magnet flux linkage
B, 0 viscous drag on rotor
HSS Flywheel Module
mp 6.53kg rotor mass
Jo 0.00377 kg-m’ rotor polar moment of inertia
mg 56.7 kg stator mass
Jo 518 kg-m® stator polar moment of inertia
X 0.254 m distance from axis 0 to 2
Ly 0.000142 H q axis inductance of motor
Ly 0.000101 H d axis inductance of motor
Ry 0.035Q I-n stator resistance of motor
Aaf2 0.014456 V-s rotor magnet flux linkage
B, 0 viscous drag on rotor
Base
my 40.1kg base mass
Jb 2939 kg-m’ base polar moment of inertia
Avionics
m, 40.1kg avionics mass
Ja 2939 kg-rn2 avionics polar moment of inertia
C 5860 uF dc bus capacitance

The mechanical system is modeled as a single degree of
freedom, second order system. The air table and all the
components mounted on it, other than the flywheel rotors,
will be referred to as the platform. The platform components
are modeled as inertias about the spin axis of air table. These
components are the base, avionics, and flywheel stator
assemblies. The flywheel rotors are included as torques
acting on the platform. Figure 3 shows a free body diagram
of the system. Axes 0, 1, and 2 represent the rotation axes of
the platform, flywheel 1, and flywheel 2 respectively. The
equation of motion for the platform is:
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FM 1 Properties
mr1 : rotor mass
J1 : rotor intertia
ms1: stator mass
Js1: stator inertia

Base Properties
mb : plate mass
Jb : plate intertia

Air Table
Figure 2.—HEFF schematic.
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Figure 3.—Free body diagram.

I
' Flywheel 2

FM 2 Properties
mr2 : rotor mass
J2 : rotor intertia
ms2: stator mass
Js2: stator inertia

Avionics Properties
ma : avionics mass
Ja : avionics intertia



SOg +c0g + k0o =T (1)

The total inertia about the 0 axis, Jy, is the sum of the
inertias of the base (J,), avionics (J,), flywheel stator
assemblies (J;; and Jy,), and flywheel rotors (J;; and J;;). The
base and avionics are modeled as circular cylinders, the
flywheel stators are considered circular cylindrical shells
located on a parallel axis, and the flywheel rotors are
modeled as circular cylinders on parallel axis. Using standard
equations (ref. 8) the total inertia about the 0 axis is

Jo=J,+Jp+
(Jr] + mrlx12)+ (Jsl +ms]x12) (2)

(Jr2 + mr2x%) + (Js2 + mSZX%)

The flywheel module is modeled as a single degree of
freedom rotor with a torque applied by the motor/generator,
and the motor is modeled as a synchronous permanent
magnet machine (ref. 9). The torques applied to the platform
are equal and opposite to the torque applied to the rotors of
each flywheel model. Since rotor translation velocity is
assumed to be slow and gyroscopic forces are neglected, the
platform inertia reacts to the sum of the torques (ref. 5)
according to

ZT:Tp:_ el —Te2 (3)

IV. Electrical System model

The model of the electrical system used in this experiment
includes: the DC bus plant model, the power supply plant
model, and the load plant model. Each of these models is
described in the following paragraphs.

The DC bus is modeled as a capacitor with various current
sources charging or discharging it (fig. 4). These currents are
the inputs to the DC bus model and consist of: the DC
currents supplying the flywheels (Ipc; + Ipcs), the power
supply current (/p ), and the load current (7,44 ).

DC1

lpss Inverter1

—
% ‘d/rv —
loa D

Power Flywheel 1

Supply

Inverter2

Flywheel 2

Figure 4.—Electrical system schematic.
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The power supply is modeled as a voltage regulating
current source. The power supply model has two inputs, one
for a voltage set point and one for a current limit. The power
supply will provide whatever current, Ips, is necessary to
keep the bus voltage at the voltage set point as long as the
current is less than the current limit. To accomplish this in
the model, the error between the voltage set point and the bus
voltage is taken. This error is run through a PI control law to
provide a current command. This current command is
compared to the current limit. If the command is less than the
current limit, /ps is equal to the current command. If the
current command is greater than the current limit, 7/ is equal
to the current limit.

The load is modeled as a resistor. Thus the current
consumed by the load is just the DC bus voltage divided by
the value of the resistor.

V. DC Bus and Attitude Controller

The DC bus and attitude controller includes: a current
regulator for each flywheel, a DC bus regulator, an attitude
regulator, and an inertia and DC bus coordinator (IDCBC).
The IDCBC is the heart of the DC bus and attitude controller,
and it has five inputs. The two key inputs are passed from the
DC bus regulator (total DC current command, Ipc* - in this
paper, command signals are designated with a ‘*’) and the
attitude regulator (total torque command, Torque*). The
remaining three inputs are also crucial, but are relatively
static compared to Ipc* and Torque*; they are the DC bus
voltage (Vpc or Vpc*) and the flywheels’ angular velocities
(o and ®;). The IDCBC uses the key inputs (Ipc* and
Torque*) to calculate the flywheel motor-generator rotational
reference frame g-axis current commands required to provide
simultaneous control of the DC bus and table angle, i *’qs ; and
i*’qsz. These commands are then fed to the appropriate
flywheel motor current regulators.

The two motors are controlled by a sensorless field
orientation algorithm. The d-axis rotational reference frame
current is commanded to zero and the g-axis rotational
reference frame current command varies to provide attitude
control and bus regulation. A general description of field
orientation of permanent magnet machines can be found in
(ref. 9) and a specific discussion of the motor control
techniques used in the flywheel program can be found in
(refs. 10 and 11).

The DC bus on a low earth orbit spacecraft, such as the
International Space Station, operates in one of three DC bus
regulation modes: charge mode, charge reduction mode, and
discharge mode. The proper operating mode is selected and
controlled by the DC bus regulator portion of the DC bus and
attitude controller; each operating mode is described in detail
in the following paragraphs.
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Figure 5.—System model of DC bus and attitude controller and hardware.

The DC bus on a low earth orbit spacecraft, such as the
International Space Station, operates in one of three DC bus
regulation modes: charge mode, charge reduction mode, and
discharge mode. The proper operating mode is selected and
controlled by the DC bus regulator portion of the DC bus and
attitude controller; each operating mode is described in detail
in the following paragraphs.

The charge mode represents operation in full sun, when the
photovoltaics system provides current and voltage regulation.
In the charge mode, the DC bus regulator charges the
flywheel system at a charge current set point (/ *cha,gg).

The charge reduction mode represents operation in partial
sun when the current generated by the photovoltaics system
is not sufficient to meet both the load demand and the
flywheel charge set point. During charge reduction mode, the
flywheel system regulates the DC bus voltage to V.

The discharge mode represents operation in eclipse when
the photovoltaics system provides less current than required
by the load, and the flywheel system provides the remaining
required load current. As in charge reduction mode, the
flywheel system regulates the DC bus voltage to V.

In both charge reduction mode and discharge mode the DC
bus regulation algorithm uses the DC current from each of
the two flywheel inverters to regulate the bus voltage. More
detail on the DC bus regulator and the modes of operation
can be found in (refs. 12 to 14).

The desired table torque, Tp, is generated by the attitude
regulator. The attitude regulator is a PID controller, with
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table angular position and commanded angle position as
inputs.

The IDCBC converts the desired table torque Tp and DC
current Ipc into the g-axis rotational reference frame current
commands to the two flywheel motor controllers, i 451 and
i 42 Wwhich provide both attitude control and DC bus
regulation. The first relationship necessary to determine the
approprrate current commands defines Ipc as a function of
i ‘qvl and i qu, and starts with the power balance. The AC
power in one of the flywheel motors can be expressed as
shown in (ref. 15).

3 .. .
Pﬂywheel = E (Vgslc’p' + Vt;sl,’js ) 4)

Since the d-axis current is regulated to zero, and neglecting
losses so that we can equate AC and DC power, the
following expression is obtained, where Ipc, is the DC
current into one of the flywheel motor inverters:

VpcIpe,m

:%wgsigs) )

The g-axis voltage equation, from (ref. 9), is:

Vi =il Ry + Ly pif +i% @, Ly + 0, hys (6)



In steady state the derivative term goes to zero; since the d-
axis current is regulated to zero and the resistive term is
much smaller than the back emf term (especially at high
speeds), we have, from (ref. 12),

~

3 .
VDC[DC,m NE((OF}\’afl(’]'S) (7)

Rearranging (7), we get an expression for the DC current
Ipc ., in terms of the rotational reference frame g-axis current,
iy, With a dependence on a the rotor flux linkage, A, the
rotor speed, ®,, and the DC bus voltage V.

30)1‘}“af

i 8
W ®)

IDC,m ~

The total DC bus current, Ipc, is the sum of the two motor
inverter DC currents, Ipc; and Ipc;., as seen in figure 4.
Considering this, equation (8) can be used to meet the goal of
expressing Ipc as a function of 7 i "4s1 and i Tgs2t

IDC = Cic;sl + di;sz (9)
where
_ 30)}’1)\‘11]”1 (10)
2Vpc
and
_ 3w,0h g2 (11
2Vpc

Next, we would like an expression for the total torque
applied to the platform as a function of i*"qS ; and i*’qsg. The
torque applied to the platform by each flywheel is equal and
opposite to the torque applied to its rotor by that flywheel’s
motor-generator. The expression for torque produced by the
flywheel PM motor-generator is given as (ref. 9)

3 P[

Te=Z7 o + +(Lg = Lg)ig i (12)

where P is the number of poles in the motor-generator. Since
the rotational reference frame d-axis current is controlled to
be zero, this torque can be expressed as:

3P
T = 55 = Maris (13)

The total torque that is applied to the platform is the negative
sum of the two motor torques, 7,; and 7,,. Using equations
(3) and (13), this relationship can be used to meet the goal of
e*xpressing total platform torque, Tp, as a function of i *",,x ;and
1 gs2:
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Ty=-Ty-Tx= az bz (14)
where
3R
—A 15
a= 2 b afl ( )
and
3P
b==——=\ 16
5 tar (16)

By solving equations (9) and (14) simultaneously, the
control variables i',; and i, can be found in terms of
desired DC bus current, /pc, and the platform torque, 7,. The
result is given in equations (17) and (18).

; :b]DC +dTp (17)
95! chb—da
T, +ai”
. p gsl
l;sz = -b (18)

VI. Simulation Results

In order to simulate the experiment, the models for the
mechanical system, electrical system and the DC bus and
attitude controller were built up and integrated. The HSS and
D1 were modeled in the system, incorporating the system
parameters defined in table 1.

A set of simulations, testing relevant system performance,
were picked to mimic experimental runs in the HEFF facility.
Details of each simulation are presented in table 2. They
include table angle steps in both charge and discharge modes
(runs 1 and 4), commanded current step in charge mode
(run 2), and load step change in discharge mode (run 3).

TABLE 2.—SIMULATION CONDITIONS

Simulation Run Test Mode Figures
1 Angle step Charge 6-9
2 I*charge step Charge 10-11
3 Load step Discharge 12-15
4 Angle step Discharge 16-18

Simulations of the system were run at 59 kRPM; this
represents the maximum design speed of the flywheel units
under test.

Simulation run 1 simulates a commanded angle step in
charge mode. Under this test condition, both flywheels are
charging, the bus is regulated by the DC supply, and the
flywheel speeds must change in order to apply the table
torque necessary to change table angle. The results of run 1
are presented in figures 6 to 9.

Figure 6 shows the angle response to the step change. Note
that the response is underdamped; this tuning was chosen to



provide a relatively fast response. Less ringing could be
achieved by increasing derivative damping, if desired.

Figure 7 shows the speed changes of the two flywheels
which provide the desired angle step change. Note that HSS
acceleration is much greater than D1; this is as expected,
since the HSS rotor has considerably lower inertia than the
D1 rotor.

Figure 8 shows the DC bus voltage during a charge step.
The bus voltage remains flat, as expected; this run condition
mimics a DC power supply run well under its current limit.

Figure 9 shows the DC currents of the individual
flywheels, as well as the DC bus current, during the angle
step. Note that although the individual flywheel DC currents
vary in order to provide the required torque, the sum of the
two flywheel currents is constant, adding up to the total
commanded DC bus current Ipc*, as required.

Simulation Charge Mode Angle Step
0.06 T T T T

0.04+ B

Simulated Charge Mode Angle Step
T T T

120+ b

80+ B

Angle (degrees)

0.02+

ok
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-0.04 -

-0.06 -

-0.08 -

-01F

-0.121

\\M\ﬁ
|

~

-0.14
0

4

5

6

7 8

Time (seconds)

Figure 6.—Simulated angle step in charge mode: angle.
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Figure 7.—Simulated angle step in charge mode: speed.
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Time (seconds)

Figure 9.—Simulated angle step in charge: bus current.

Simulation run 2 simulates a commanded current step in
charge mode. Under this test condition, both flywheels again
are charging and the bus is regulated by the DC supply, and
the flywheel speeds must change in order to accept more DC
bus current, while maintaining table torque (and thus table
angle). The results of run 2, are presented in figures 10
and 11.

Figure 10 shows the simulated current step. Note that the
individual flywheel currents add up to the total current
command, as required.

Under these conditions, table torque must be controlled to
zero in order to maintain table angle. Figure 11 shows the
disturbance on the angle by the charge current set point step;
the disturbance in the angle is very minor, as desired. This
demonstrates good decoupling between the DC bus regulator
and the attitude regulator.
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Figure 10.—Simulated step in charge current.
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Figure 11.—Simulated angle response to charge current step.

Simulation run 3 simulates a load step change in discharge
mode. Under this test condition, both flywheels are
discharging, and the flywheel speeds must change in order to
provide additional current while regulating bus voltage and
table angle. The results of run 3 are presented in figures 12
to 15.

Figure 12 shows the bus voltage during this load step
change. Note that, as desired, bus voltage is held very well.

Figure 13 shows the bus current during this load step. Note
that the sign of the currents is negative, implying that the
flywheels are supplying current, and that the sum of the two
flywheel currents adds up to the total current change, as
required.

Figure 14 shows the angle disturbance caused by the load
step; note that, as desired, the angle disturbance is minor.

Figure 15 shows the speed response during load step. As
expected, HSS speed change is greater than D1, due to the
lower inertia of the HSS rotor.
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Figure 12.—Simulated load step in discharge mode: voltage.
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Figure 13.—Simulated load step in discharge mode: current.
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Figure 14.—Simulated load step in discharge mode: angle.
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Simulated Angle Step in Discharge Mode
T T

Simulation run 4 simulates an angle step change in
discharge mode. Under this test condition, both flywheels are
discharging, and the flywheel speeds must change in order to
provide a table angle change while maintaining the sum of
the flywheel currents and regulating the bus voltage. The
results of simulation run 4 are presented in figures 16 to 18.

Figure 16 shows the angle response to the step change in
angle command. Once again, the response is underdamped,
and the step change matches the command value.

Figure 17 shows the DC currents of the individual
flywheels, as well as the DC bus current, during the angle
step. Note that although the individual flywheel DC currents 8r i}
vary in order to provide the required torque, the sum of the
two flywheel currents is constant, adding up to the total
commanded DC bus current Ipc*, as required. 1 2 3 r 5 B 7 8

Time (seconds)

4l
HSS DC Current
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N
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TABLE 3. EXPERIMENTAL'—TEST CONDITIONS. Figure 17.—simulated angle step in discharge mode: current.

Experimental Test Mode Figures ! e
Run . Slmulate‘d Angle Stelp in Dlschar?e Mode
1 Angle step Charge 19-22
120
2 I*charge step Charge 23-24
3 Load step Discharge 25-28 100
4 Angle step Discharge 29-31
& 80 g
Figurel8 shows the bus voltage during this disturbance. 3
There is no appreciable disturbance on the DC bus voltage =
caused by the angle step, as desired. 3 %r 1
. 40t g
VII. Experimental Results
Experiments testing combined bus regulation and single 08 ]
axis attitude control were run on the HSS and D1 flywheels,
mounted on the low friction air table, in the HEFF facility. 0 : L L : L L g .
Details on the experimental runs, which were selected to test Time (s)

the relevant system performance, are presented in table 3. . ) L
Figure 18.—simulated angle step in discharge mode: voltage.

NASA/TM—2005-213867 8



They include table angle steps in both charge and
discharge modes (runs 1 and 4), commanded current step in
charge mode (run 2), and load step change in discharge mode
(run 3). Experimental runs were performed at the low end of
the flywheel operating range, between 8 and 20 kRPM; this
speed range was selected because the HSS is limited by the
bus voltage to 22 kRPM.

Note that the experimental runs mirror the simulation runs;
results from the tests in the HEFF facility will be compared
below to the results of the modeling run counterparts.

Experimental run 1 demonstrates a commanded angle step
in charge mode. As in simulation run 1, in this test case both
flywheels are charging, the bus is regulated by the DC
supply, and the flywheel speeds must change in order to
apply the table torque necessary to change table angle. The
results of experimental run 1 are presented in figures19 to 22.

Figure 19 shows the angle response to the step change.
The angle step size of ~0.1 degree was chosen because it is
the largest angle step achievable given the present hardware
configuration (low flywheel speed and the low moment of
inertia of the HSS rotor). Achievable steps of this small size
in hardware demonstrate the fine resolution of the attitude
controller.

As can be seen in figure 19, the response rings at about
0.35 Hz; this frequency is determined by the torsional spring
constant of the HEFF cabling, and the rotational inertia of the
table. The dynamic response of these tests was used to
determine the platform damping and stiffness of the model (c
and k, table 1). Note that the test response is similar to the
modeled response, although the model damps out more
quickly. The mismatch in damping is due to the cabling
which brings power to the HEFF air table. This cabling
behaves like a hysteretic spring, and so the linear spring used
in the model does not capture the hysteretic nature of the
cabling. However, further modeling of this spring is not
necessary, because, in a space application, there will be no
cabling effect.

Figure 20 shows the speed changes of the two flywheels
which provide the desired angle step change. Note that,
before the step change, the D1 is accelerating and the HSS is
decelerating. This is also due to cabling effects; the hysteresis
forces the position regulator in the controller to maintain a
torque on the table, even during steady state, in order to
maintain the table angle. Due to this effect, the torque on the
table through the step is different than that in the simulation,
which causes the accelerations for the two flywheel rotors to
be different. Once again, this effect is unimportant, because
in a space application, neither the spring constant nor the
hysteresis will exist.

Figure 21 shows the DC bus voltage during a charge step.
The bus voltage is held flat, as expected, by the DC power
supply in the HEFF facility.

Figure 22 shows the DC currents of the individual
flywheels, as well as the DC bus current, during the angle
step. Note that although the individual flywheel DC currents

NASA/TM—2005-213867
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Figure 19.—Angle step in charge mode: angle.
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Figure 20.—Angle step in charge mode: speed.
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Figure 21.—Angle step in charge mode: voltage.



vary in order to provide the required torque, the sum of the
two flywheel currents is constant, adding up to the total
commanded DC bus current Ipc*, as required. This also
closely mimics the simulation run 1 results.

Experimental run 2 demonstrates a commanded current
step in charge mode. As in simulation run 2, both flywheels
again are charging and the bus is regulated by the DC supply,
and the flywheel speeds must change in order to accept more
DC bus current while maintaining table torque (and thus
table angle). The results of experimental run 2 are presented
in figures 23 and 24.

Figure 23 shows the simulated current step. Note that the
individual flywheel currents add up to the total current
command, as required. This result agrees with the simulation
run, except for the current divergence after about ten
seconds. As seen on the figure, the HSS DC current increases
with time, while the D1 current decreases. This is due the
hysteretic torque of the HEFF cables, as described above;
continuous torque must be applied, even in steady state, to
maintain the table position. Note that the sum still adds to the
total DC current, as required.

Under these conditions, table torque must be controlled to
zero in order to maintain table angle. Figure 24 shows the
disturbance on the angle by the charge current set point step;
the disturbance in the angle is very minor, as desired. This
demonstrates good decoupling between the DC bus regulator
and the attitude regulator in the hardware implementation.

Experimental run 3 demonstrates a load step change in
discharge mode. As in simulation run 3, both flywheels are
discharging, and the flywheel speeds must change in order to
provide additional current while regulating bus voltage and
table angle. The results of experimental run 3 are presented
in figures 25 to 28.

Figure 25 shows the bus voltage during this load step
change. Note that, in hardware, the bus voltage is maintained
by the flywheel system during the load step, as desired.

Figure 26 shows the bus current during this load step. Note
that the sign of the currents is negative, implying that the
flywheels are supplying current, and that the sum of the two
flywheel currents adds up to the total current change, as
required. This is similar to the simulation run, except for the
DC current divergences, due to the HEFF cable hysteretic
torque as described above.

Figure 27 shows the angle disturbance caused by the load
step; note that, as desired, the angle disturbance is minimized
in the hardware test.

Figure 28 shows the speed response during load step. Note
that, as expected, the resultant HSS speed change is greater
than that of D1, due to the lower inertia of the HSS rotor.

Experimental run 4 demonstrates an angle step change in
discharge mode. As with simulation run 4, both flywheels are
discharging, and the flywheel speeds must change in order to
provide a table angle change while maintaining the sum of
the flywheel currents and regulating the bus voltage. The
results of experimental run 4 are presented in figures 29
to 31.

NASA/TM—2005-213867

10

DC Current (amperes)

Current (Amperes)

Angle (Degrees)

o
o
53
T
I

=4
o
3
T
I

01} 4

0.2 I I I !
0

Charge Mode Angle Step
T T T

D1 DC Current
3
I

N

) Wil ‘ 1 ;
" J | “‘W“ ,.Mu‘w-' ik “““‘FWW“ S
Total DC Current l‘m
F

Wt
i

ol

< oo

o

HSS DG Current | . .

o L
0 2 4 6 8 10 12 14 16 18 20

Time (seconds)

Figure 22.—Angle step in charge mode: DC current.
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Figure 23.—Step in charge current.
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Figure 24.—Angle response to charge current step.
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Figure 25.—Load step in discharge mode: voltage.
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Figure 26.—Load step in discharge mode: current.
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Figure 27.—Load step in discharge mode: angle.
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Figure 28.—Load step in discharge mode: speed.
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Figure 29.—Angle step in discharge.

Figure 29 shows the angle response to the step change in
angle command. As with experimental run 1, which
performed an angle step in charge mode, the response here is
underdamped.

Figure 30 shows the DC currents of the individual
flywheels, as well as the DC bus current, during the angle
step. Once again, the individual flywheel DC currents vary in
order to provide the required torque, the sum of the two
flywheel currents is constant, adding up to the total
commanded DC bus current Ipc*, as required.

Figure 31 shows the bus voltage during the angle change.
Note that the flywheel system does effectively regulate the
DC bus voltage during the angle step, as desired.
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Figure 30.—Angle step in discharge: bus current.
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Figure 31.—Angle step in discharge: voltage.

VIII. Conclusions

This paper has presented an experiment demonstrating
single axis attitude control and bus regulation. Two flywheels
with different performance characteristics have been
integrated onto a low friction air table in the High Energy
Flywheel Facility (HEFF) at NASA Glenn Research Center
in Cleveland, Ohio. In this paper, models of the electrical and
mechanical systems used in the experiment are developed,
and the control algorithm to allow simultaneous bus
regulation and attitude control is presented. The separate
models are integrated with the control algorithm to allow
simulation of the system.
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Four different test runs, which exercise the relevant control
modes, are presented. Each of these test cases is run in
simulation at the top speed range of the flywheel units using
the integrated model. In addition, experimental data was
taken in the HEFF facility, with the flywheels operating
between 8 and 20 kRPM (which represents the flywheels’
extreme low speed operating range).

The results of each of the runs are presented, and
comparisons are made between the simulations and
experimental runs; these tests verify that the control
algorithm is capable of controlling both the spacecraft bus
and a single axis of attitude control. Also, the correspondence
of the simulations and experiments demonstrates that the
modeling of the subsystems was sufficient.
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